We review some of the recent progress in the studies of alka:!ne-earth, negative ions. Computations of autodetachment rates, electron affinities and transition wavelengths are discussed and some new and improved results are given.
INTRODUCTION
In this talk we will discuss and review some of the latest progress in the. computational studies of negative ions. These quite exotic systems are interesting for a number of reasons, and they constitute a challenge for atomic structure calculations. Let us clarify this by some examples. In negative ions, the correlation energy is often larger than the binding energy for the "outermost" electron. Since correlation is defined as1,
Eco_ = ENR --EHF (I)
where ENR and EHF are the exact, nonrelativistic and Hartree-Fock energies respectively, the correc.tion to our first approximation is then larger than one of the properties we are computing. As a matter of fact, the bound Hartree-Fock solution does often not exist, and correlated models are required as a starting point.
The negative ions are also unique in atomic physics since they have only a few bound states. We here define a bound state to be an atomic state that in a nonrelativistic approach can be represented by a square-integrable wavefunction. The reason for this definition will be apparent below. As an example we show in Fig. 1 the structure of one of the simplest negative ions, He-. The only predicted and observed 2 bound states in this ion belong to One of the two terms l_2s2p 4po and 2p 3 4S'. From this figure we can also see that a requirement for a bound state is that it exists below its nonrelativistic limit, ls2s 3S" and 2p 2 3pe in this case.
Equivalently, the two states in neutral helium have positive electron affinity. Finally, the negative ions are difficult to observe, so accurate calculations of their different properties are needed to guide the analyses of experimental data.
i In this talk, we discuss recent progress in the calculation of autodetachment rates, electron affinities and transition energies for alkaline-earth, negative ions. 
METHOD 'OF CALCULATION
The negative ion in our approach is represented by anatomic State Function (ASF); _ASF = _ + _c
where _D is the square-integrable, discrete part and _c represents an open channel. Our computations now consist of two different stages. First an optimization stage, where we compute the radial wavefunctions, and second a perturbationstage, where some specific properties can be obtained.
In the optimization stage, we use a nonrelativistic Hamiltonian for the N electron atomic system;
The discrete part of the ASF has the form: 
where Hns consists of relativistic shift operators (mass-correction, spin-spin con_act and Darwin terms), Hj(1) of J-dependent, one-body operators (spin-orbit interaction) and Hj(2) of J-dependent, two-body operators (spin-other-orbit and spin-spin interaction). The discrete part of the ASF now has the form
i where we now include mixing between different LS-terms.
As an example, we can use Be-. Its structure, "known and predicted, is shown in Fig. 2 . For the lowest bound state, we use a discrete representation An accurate calculation of different properties for decay modes of negative ions is one of our most important goals, since they each represent a way of observing the system. Our first example is a radiative transition between an excited state and lower excited or ground state. This decay can be represented as X-" _ X-+ 7 (9) and the rate can be written
While this type of decay is the most important source of information on neutral atoms and positive ions, it represents quite an exotic process for negative ions and the, rate, in our calculations, is given by the "Golden rule" formula
This process is the subject of our next section. We should also mention the possibility of radiative autodeiachment, which represents a simultaneous emission of an electron and a photon;
X-"-_X +e-+_ (13) i This process has been treated by Nicolaides and coworkers _, among others. Since its rate is much slower than that for autodetachment, we ignore it in the rest of this report.
Finally, we have the process of photodetachment;
Even though it only corresponds to a decay mode in an external electromagnetic field, it represents a very important possibility for observing negative ions. The rate is in this case
All these different processes are illustrated in Fig. 3 .
AUTODETACHMENT
Negative ions are some of the least relativistic atomic systems, but in many cases relativistically induced autodetachrnent is the main decay channel. Iii this section we discuss recent calculations 7's of the decay of nsnp 24p_ in Be-(n = 2), Mg-(n = 3) and Ca-(n = 4). We refer to If we use Be-as am example, we can list the possible decay channels for the 4pe bound states;
The expansion in Eq. 7 is for J = 3/2 and 5/2 i k
The rate of Eq. 12, is proportional to the square of the interaction element:.
M-(DIHBPI c>
where Hsp is given by Eq. 6. From this it is obvious that, to order c_ 2, there are two different contributions to this element. First the Direct Relativistic
and second, the Induced Coulomb contribution: lt is also possible to divide the different contributions to the interaction element into one-and two-body effects;
In Table I we list the contributions from one-and two-body terms to the interaction element, for the nsnp 24P3/2 and 4Ps2 states of Be-, Mg-and Ca-. The one-body term, which is a correction to the nuclear potential (screened by the core), increases drastically from the light Be-ion to the heavy Ca-. The two-body, which is a correction to the interaction between the electrons, is almost constant. For Be-(2s2p _4P'I12) these two terms cancel, which leads to ,a small interaction element and thereby a low autodetachment rate and a long lifetime. If we look at the J = 1/2 state, which decays to the 2sak._2S1/2 continuum, the picture is even more complex. To fully understand its "decay dynamics" we list in Table II not only one and two-body contributions, but also the direct relativistic and induced Coulomb terms. As expected, the absolute value of both Mzc(1) and MDR(1) increases when moving from Be-to Ca-, and are of the same order-of-magnitude.
The fact that these two contributions have different signs for the J = 1/2 states leads to a cancellation within the or_e-body contribution, most prominent for Ca-. The total one-body part is therefore of the same order of magnitude as the two-body part in this case, which opens up the possibility for a cancellation in the interaction element.
As a conclusion, the long lifetime of the Ca'(4s4p 24P1/2) state, where the R difference between the _IDR and Mzc elements is about 1% of each of them, i is ex-tremely sensitive to the accuracy of our calculations. In the quite simple approach described here, we can probably just expect qualitative results. For the Be-(2s2p 24P3/2) state the difference is about 10 % of the one-and twobody terms, and the result is more reliable. The calculated lifetimes are given in Table III , together with experimental values and some other calculations. We | | 
ELECTRON AFFINITY OF CALCIUM
Until recently it was believed that none of the alkaline-earths formed a stable negative ion. The electron affinity for the ground state was in all calculations predicted to be negative.
In 1987, however, Fr_cse Fischer 12 predicted that calcium does form a stable negative ion, in the 4s24p 2p state. This was confirmed experimentally by Pegg and coworkers 13, and a nu,vber of later calculations (see Table VI ). The first calculations 14-2°only include.t correlation between the outer, valence electrons, that is the two 4s electrons in _eutral calcium, and between the two 4s and the 4p electrons in the negative ion. A systematic trend towards larger theoretical than experimental affinities were observed from these studies. In later computations 2a,22the core-valence correlation, or core polarization, has also been included, the most important contribution being the correlation between the 3p-subsheU and the valeuce electrons. Due to the diffuse nature of the outer electrons in the negative ion, the core-valence correlation is larger in the atom and its inclusion was expected to decrease the electron affinity. It was surprising to find, that according to the most recent calculation 22the contribution from the core-valence correlation completely cancels the outer correlation, questioning the stability of the negative calcium ion. This has lead us to return to the earlier MCHF calculations, to investigate the effect of the core-valence correlation. Our first goal is to test the convergence of the calculation of outer correlation. To do that we need a systematic approach to select CSFs in the expansion 4. The method we use is based on two concepts, an active set of orbitals and the Generalized Brillouins Theorem.
From an active set of orbitals, we generate all possible CSFs with a given number of electrons, parity and total L and S. In such an approach, the wavefunction, and therefore also the energy expression, is invariant under rotations of two orbitals with the same quantum number I. This leads to instability in our variational, self-consistent field approach. This "degree of freedom" in the l q variations of the radial functions Pnl(r) will disappear if we exclude some CSFs according to a Generalized B villouins Theorem (GBT),This theorem states that, , when increasing our active set, we should exclude CSFs generated from a singleelectron, coupling preserving substitution (Pnl(<) _ P_,t(r)) from a major contributor to ex-pansion 4. As an example, we perform computations for the ground state (4s 2 iS) of neutral calcium, and our old active set is {4s, 4p, 4d, 4f} which is e._ended to include {Ss,5p, gd, 5f, 5g}. The GBT then states that we should exclude 4s5slS, 4pSplS, 4d5dlS and 4f5flS since they are obtained by the 4s -, gs, 4p _ gp, 4d _ 5d and 4f _ 5f substitutions, respectively, from the major contributors 4s 2, 4p2, 4d2 and 4f 2 iS. The inclusion of 59 does not require any exclusion, since it is the first orbital of its _.ymmetry. In Table IV we report on active set, GBT c'dculations of the electron affinity of calcium. The core orbitals, ls -3p, are common for the neutral atom and the negative ion, bug the valence orbitals axe optimized sepaxately. In Table V , we report on the same type of calculations, but with M1 orbitals in common. They are in this case optimized on the negative ion state. It is interesting to _-observe that the convergence is much faster in this calculation, as if the larger of the 2p is the less in the calculation complexity 4s24p compensated by accuracy for the 4.s2 1S. The last calculation, which includes 1388 CSFs for the negative ion seems to show good convergence. It probably represents the electron affinity with only the outer correlation included, in an accurate way (0.082 eV). There are two corrections to this approach, core-valence correlation and relativistic effects. The core-valence correlation, can be estimated by using modelpotentials.
We choose a form, introduced by Baylis and coworkers 2a, with a one-body part;
II! , and a two-bodypart;
.., _, _ .rq
where c_4 is the dipole polarizability of the 3p8 core, and rc is a suitable cut-off l radius The former parameter is quite well-determined (3.254 _4 au" ), while the l I cut-off radius is an adjustable parameter. We here use the ex'pectation value of i r for the outermost core subshell, 1.26432 au, to represent re. The second important correction is the relativistic shift. Both these two corrections are introduced in the perturbation stage of our calculations. When we change the Hamiltonian we have to reintroduce the deleted CSFs, since they can contribute through the new interactions.
The results are given in Table V for the case of common orbitals. As ex-pected, the electron affinity is reduced and if we look at Table VI the result seems to be in excellent agreement with experiment. However the dependence of our results on the actual choice of re has to be investigated further. It is also desirable to treat the core-valence correlation with ab initio methods, in the form of ex_pansion . of CSFs with one hole in the core. The main problem is that the size of the expansion increases quickly with the size of the active set, and has quite a slow convergence. The last property we will discuss in this talk is optical transitions in negative ions. In the identification of these, the experimentalist cannot take advantage of the very powerful techniques used for atoms and positive ions, since there are no closed loops of transition. Therefore very accurate predictions of wavelengths are needed to find these evasive features in a spectrum that often contains many :
other ionization stages. In spite of a careful search 2s in Mg-, the only observed optical transitions are ls2s2p25P_-l.s2p3_S°of negative lithium 26 (3489.7 /_) and 1s22s2p 2 4P*-ls92p34S°of negative beryllium 27(265'4.01 _). Recently, Froese Fischer 2s proposed a method to deduce the wavelengths of transitions in negative ions, by using the well known transition between the limits in the neutral atom, together with accurately calculated electron affinities. If we look at Be-, the transition energy for the 2s2p3p-2p23P is 37715.64 cm -1. By using the active set, GBT technique we can get quite accurate values for the electron affinities of these two states, from just the outer correlation calculations. As corrections, we include relativistic shifts, mass-polarization and corevalence interference 2s. From this we can deduce the wavelength of the 4pe_ ,tSo, transition.
Since the that causes the detachment, are in these cases about 10-s the nonrelativistic correlation energies, and the representation of the interplay and cancellation of the different contributions raises high demands on our computations. High accuracy is also required to predict stable negative ions, through the calc/_lations of electron affinities.
As Bates pointed out in a recent review article3°: "since 0043 eV is only about 2 x 10-6 the total energy of (4s21S)Ca or (4s24p2P)Ca-, it is evident that the calculation of EA(Ca) is a formidable task". Finally, to make it possible to ideatify optical transitions in negative ions, unambiguously, a prediction of the wavelength within 0.1%, or better, is required. We have shown that ab initio electron affinities can be used, together with ex'perimentally known transition energies for the neutral atom.
The .
